M emory CD8
ϩ T cells represent a crucial arm of immunological memory. When a host is infected by a pathogen, naive CD8 ϩ T cells specific for the pathogen clonally expand to significantly higher frequencies and differentiate into effector cells to counter and clear the pathogen. Once the pathogen is cleared, the majority of effector CD8 ϩ T cells die and a small proportion (5-10%) of them survive and differentiate into memory CD8 ϩ T cells which provide protection against secondary challenge by the same pathogen (1) . Upon secondary encounter, memory CD8 ϩ T cells rapidly expand, secrete key effector cytokines (such as IFN-␥, TNF-␣, and IL-2), and exhibit cytotoxicity. Efforts in understanding signals required for proper differentiation of memory cells and rapid secondary expansion are key in optimizing vaccine design against a wide variety of infections (2) .
In addition to the recognition of Ag through the TCR (signal 1), costimulation (signal 2), and inflammatory signals such as IL-12 and type I/II IFNs (signal 3) are required for the clonal expansion of naive CD8 ϩ T cells (3, 4) . The CD80/CD86-CD28 costimulatory pathway is the major costimulatory pathway and is critical for primary CD8 ϩ T cell responses against DNA, peptide, or dendritic cell (DC) vaccination and antitumor CD8 ϩ T cell responses (5-7). The pathway is also important for controlling the magnitude of primary CD8
ϩ T cell responses to various pathogens (8 -22) and is critical for the generation of humoral immunity (23) . CD80 and CD86 are up-regulated on APCs upon maturation and they bind to CD28 on the T cell. CD28 signaling is mediated through the PI3K-protein kinase B (PKB/Akt) pathway and growth factor receptorbound protein 2, and results in up-regulation of CD25 (the IL-2R ␣-chain), entry of the T cell into the cell cycle, enhanced T cell survival through the up-regulation of the antiapoptotic molecule Bcl-x L , and the production of IL-2 (24, 25) . T cell activation leads to up-regulation of CTLA-4, which binds to CD80 and CD86 at a higher affinity than CD28 and negatively regulates the T cell response (26) . The CD80/CD86-CD28 pathway has also been shown to be bidirectional, signaling into CD80 and CD86 on DCs resulting in the production of IFN-␥ and IL-6 (27) .
In contrast to the well-defined nature of signals required for initiating a primary CD8 ϩ T cell response, signals required for memory CD8 ϩ T cell differentiation and secondary responses are less well characterized. Studies have shown that early IL-2 signals (28) and CD4 ϩ T cell help early and/or late (29 -31) are crucial for memory cell differentiation, though variations exist between different infection models (32) . Duration of the TCR signal has been shown to have little effect on the recall response (33) , and the roles of inflammatory signals are not clear. Costimulation, however, is considered to be dispensable for memory T cell responses. This well-established concept stems mainly from studies of memory CD4 ϩ T cell responses in vitro (34, 35) , as well as infection of CD28 Ϫ/Ϫ mice with lymphocytic choriomeningitis virus (LCMV) responses to influenza virus, Listeria monocytogenes, Salmonella typhimurium, Toxoplasma gondii, and murine gammaherpesvirus 68 (MHV-68) are impaired in the absence of CD28 costimulation (12, 13, 19, 20, 22, 36, 37) . Whether these observations indicate requirements for CD28 costimulation during the primary response or during the recall response is not clear and whether CD28 costimulation affects the phenotype and function of memory CD8 ϩ T cells has not been investigated in detail. Recently, studies have shown that CD28 costimulation controls trafficking of memory CD8 ϩ T cells (38) , cytokine production and recall responses of memory CD4
ϩ T cells (39) , and generation and survival of memory CD4 ϩ T cells (40) . Furthermore, our previous work revealed that memory CD8 ϩ T cells during low-level persistent viral infection with MHV-68 produce lower levels of IFN-␥ and exhibit an altered phenotype (22) . Because memory CD8
ϩ T cell differentiation during MHV-68 infection differs from that during a normal acute viral infection (41), we asked whether CD28 costimulation plays a role in memory CD8 ϩ T cell differentiation and recall responses in an acute viral infection model.
Vaccinia virus (VV) is a dsDNA virus which belongs to the Poxviridae family and the genus Orthopoxvirus (42) . It shares high sequence homology to other orthopoxviruses such as variola virus (which causes smallpox infections in humans), ectromelia virus (mousepox), and monkeypox. The natural reservoir of VV is not known, but it is a very potent vaccine against smallpox in humans and replicates to high titers in mice. Despite the frequent contact of humans with smallpox throughout history and recent fears of smallpox as a bioterrorism agent and documented contact of humans with monkeypox (42, 43) , the immune responses against this family of viruses is poorly characterized. The major natural route of human to human spread is caused by inhalation of droplets released by the oral, nasal, or pharyngeal mucosa of the infected patient, though some cases of infection are caused by transmission of virus through broken skin, and in the context of vaccination the virus is inoculated intradermally (44) . Thus, in these studies, we used the intranasal (i.n.) infection model with the Western Reserve strain (VV-WR). In contrast, MHV-68 is also a dsDNA virus with significantly different characteristics. It belongs to the gammaherpesviridae family and is a natural pathogen in rodents, with similar characteristics to human EBV and Kaposi's sarcoma-associated herpesvirus (KSHV) infections (45) . After initial replication in the lungs after i.n. infection, it establishes a lifelong low-level (latent) persistent infection in the host.
Using the VV-WR model, we show that memory CD8 ϩ T cells generated in the absence of CD28 costimulation exhibit an altered phenotype and do not produce IL-2. Recall responses are significantly impaired in these mice upon peptide and viral challenge, and this is due to a requirement of CD28 costimulation during both the primary and recall response. Similar requirements were observed in memory CD8 ϩ T cell responses against MHV-68. Furthermore, our results indicate that the effect of CD28 costimulation on the recall response is not due to a lack of IL-2 during T cell priming. However, administration of IL-2 during the recall response restored the secondary response in CD28-deficient T cells. Our findings indicate that memory CD8 ϩ T cell responses are not costimulation independent and that several key characteristics of CD8 T cell memory are controlled by the CD80/CD86-CD28 costimulatory pathway.
Materials and Methods

Mice, virus, and reagents
VV-WR strain was obtained from Dr. W. R. Green (Dartmouth Medical School, Lebanon, NH) and was propagated and titered on the 143B cell line. MHV-68 virus (clone G2.4) was originally obtained from Prof. A. A. Nash (University of Edinburgh, Edinburgh, U.K.) and was propagated and titered as previously described (46 
Tissue preparation
Single-cell suspensions of spleen and lung lymphocytes were prepared as described previously (22) . For the preparation of PBL, peripheral blood was collected in medium containing 10 U/ml heparin and RBC were lysed.
Plaque assay and body weight measurements
Infectious virus titers in the lungs and spleens were determined by standard plaque assays similar to the MHV-68 plaque assay previously described (46) , except that the assay was performed on 143B cells for 2 days and were fixed with a 1:1 mixture of acetone and methanol. For measuring weight loss, infected mice were weighed on the day of infection and every other day after infection. Data are represented as percentage of initial body weight (at the day of infection). , which were conjugated to allophycocyanin, were obtained from the National Institutes of Health Tetramer Core Facility (Emory University, Atlanta, GA). Cells were stained for 1 h at room temperature in the dark as previously described (48) . Cells were further stained with PerCP-conjugated anti-CD8␣ (clone 53-6.7) and Abs against surface markers as described previously (49) .
MHC/peptide tetramer, Ab staining, and flow cytometric analysis
In vivo cytotoxicity assay
Naive C57BL/6 splenocytes were pulsed with 1 g/ml B8R 20 -27 (B8R) peptide or no peptide and were labeled with 2.5 or 0.25 M CFSE (Molecular Probes), respectively. Cells were mixed at a 1:1 ratio, and ϳ2 ϫ 10 7 total cells were injected i.v. One day later, mice were sacrificed and collected spleen cell suspensions were incubated with 20 g/ml 7-aminoactinomycin D (Sigma-Aldrich) for 15 min at room temperature in the dark to label dead cells. Cells were analyzed by flow cytometry and specific lysis was calculated using the formulas: ratio ϭ (number CFSE low :number CFSE high ) and percentage of specific lysis ϭ (1 Ϫ (ratio of naive:ratio of infected) ϫ 100).
Intracellular cytokine staining
Splenocytes were incubated with 1 g/ml B8R peptide plus 10 U/ml IL-2 and 10 g/ml brefeldin A in complete medium at 37 o C for 5 h. Cells were stained with anti-CD8 and anti-CD44 Ab, then fixed, and rendered permeable before staining with allophycocyanin-conjugated anti-IFN-␥ (XMG1.2) and PE-conjugated anti-TNF-␣ (MP6-XT22), anti-IL-2 (JES6-5H4), PE-conjugated anti-granzyme B (clone 100), or isotype control (50) . The percentage of cells producing cytokines were calculated by subtracting the background observed with the no peptide control.
Adoptive transfer and challenge experiments
For direct challenge experiments in the VV-WR system, naive or infected B6 or CD28 Ϫ/Ϫ mice were injected i.v. with B8R 20 -27 peptide (50 g) and LPS (30 g ). In the MHV-68 system, naive or infected B6 or CD28 Ϫ/Ϫ mice were challenged with 2 ϫ 10 6 PFU of rVV-ORF6 i.p., and expansion of virus-specific CD8 ϩ T cells in the spleen was enumerated by MHC/ peptide tetramer staining at the indicated days postchallenge.
For adoptive transfer experiments, CD8 ϩ T cells were purified (typically Ͻ95% pure) from spleens of VV-WR-or MHV-68-infected mice (2ϩ months postinfection (p.i.)), and equal numbers of CD8 ϩ T cells (1.5-5 ϫ 10 6 cells) were injected into congenic B6-CD45.1 (B6-Ly5.2-Cr) mice i.v. Cells from each group were stained to determine the percentage of CD8 ϩ T cells and tetramer ϩ cells and, from that data, the exact number of virusspecific memory CD8 ϩ T cells that were injected into each mouse was calculated. One day after transfer, mice were challenged with 2 ϫ 10 6 PFU of VV-WR or VV-ORF6 i.p. Spleens were harvested 5 or 6 days later as indicated and stained with the appropriate MHC-peptide tetramer complexes, anti-CD8, and anti-CD45.2 or CD45.1 Abs (which marks the donor population). To calculate fold expansion of transferred virus-specific memory CD8 ϩ T cells, the total number of virus-specific memory CD8 ϩ T cells in the spleen of each mouse (5 or 6 days postchallenge) was calculated and the cells were divided by the number of virus-specific CD8 ϩ T cells initially transferred into the recipient (before challenge). Four to six recipients per group were used in each experiment.
IL-2 immune complex injection
For restoration of IL-2 signaling during priming, C57BL/6 or CD28 Ϫ/Ϫ mice were infected with VV-WR i.n., and mice in the CD28 Ϫ/Ϫ group were injected with either 50 g of anti-IL-2 mAb (clone S4B6) mixed with 1.5 g of murine IL-2 (mIL-2; eBioscience) or 50 g of control rat IgG (RIgG; Jackson ImmunoResearch Laboratories) i.p. daily, from days 0 to 6 p.i., as described previously by Boyman et al. (51) . Control C57BL/6 mice were treated with R-IgG. On day 7, mice were bled and PBL were stained for CD8, CD44, and CD122 expression to confirm the efficacy of the IL-2 immune complex.
For restoration of IL-2 signaling during recall, CD8 ϩ T cells from VV-WR-infected C57BL/6 or CD28 Ϫ/Ϫ mice were purified and transferred into naive congenic B6-CD45.1 mice, and 1 day later mice were challenged with 2 ϫ 10 6 PFU of VV-WR i.p. (as described above). The IL-2 immune complex (anti-IL-2 mAb plus mIL-2) was given daily from days 0 to 5 postchallenge.
Statistical analysis
Values of p were calculated using Student's t test. A value of p Ͻ 0.05 was considered significant.
Results
Virulence and viral replication of VV-WR in CD28 Ϫ/Ϫ mice after i.n. infection
To study the role of CD28 costimulation in the development of memory CD8
ϩ T cells during an acute infection, we chose the VV-WR i.n. infection model, which represents a natural route of infection for poxvirus infections. VV-WR elicits severe virulence upon i.n. infection (52) . To determine the sublethal dose which elicits a potent T cell response, we titered the viral dose. Female C57BL/6 mice were infected i.n. with either 10 5 , 10 4 , or 10 3 PFU of VV-WR and were monitored daily for survival. None of the mice (0 of 8) survived infection with 10 5 PFU (median survival, 7.3 Ϯ 0.5 days), whereas 50% survived (4 of 8) when infected with 10 4 PFU, and all mice survived when infected with 10 3 PFU (7 of 7). Therefore, in experiments described below, all mice were infected with 10 3 PFU. Mice display signs of disease upon i.n. infection with VV-WR, which is accompanied by severe weight loss (53). We did not observe any significant differences in degree of weight loss in wild-type C57BL/6 and CD28 Ϫ/Ϫ mice after infection, although CD28 Ϫ/Ϫ mice displayed a slightly enhanced degree of weight loss (Fig. 1A) . We next measured the kinetics of viral replication in various organs during the acute infection. In both wild-type and CD28
Ϫ/Ϫ mice, the viral titers in the lungs peaked at day 5 and were mostly cleared by 16 days p.i., and no significant differences were observed (Fig. 1B) . The virus also replicated to high titers in the ovaries similarly in both strains and minimal replication was observed in the spleens (data not shown). Therefore, CD28 costimulation does not affect the course of disease or kinetics of viral replication upon i.n. infection with VV-WR.
Kinetics of the CD8 ϩ T cell responses to VV-WR in the absence of CD28
Next, the kinetics of the antiviral CD8 ϩ T cell response was measured. First, the virus-specific CD8
ϩ T cell response to the immunodominant B8R epitope (54) was quantified at the peak of the response by tetramer staining. At day 10 p.i., there was a significant reduction in both the frequency ( Fig. 2A ) and total number ( Fig. 2B ) of B8R-specific CD8 ϩ T cells in the lung and spleen in CD28 Ϫ/Ϫ mice. Next, we followed the kinetics of the CD8 ϩ T cell response in the peripheral blood over time. There was a sharp increase in the percentage of CD8 ϩ T cells (Fig. 2C ), CD8
ϩ T cells that were CD62L low ( Fig. 2D) , and the frequency of B8R-specific CD8 ϩ T cells (Fig. 2E) , which peaked at day 10 p.i. In CD28 Ϫ/Ϫ mice, the increases in these parameters were significantly blunted. However, the CD8 ϩ T cell response was comparable to that of wild-type C57BL/6 mice later in the response (Fig. 2 , C-E), and the frequency of virus-specific memory CD8 ϩ T cells was similar during the memory phase (Ͼ30 days; Fig. 2E ). The frequency (Fig. 2F ) and total number ( Fig.  2G ) of memory CD8 ϩ T cells in the lung and spleen at 66 days p.i. were also comparable in C57BL/6 and CD28 Ϫ/Ϫ mice. Therefore, as has been previously reported in various models, the primary CD8 ϩ T cell response is significantly affected by CD28 costimulation, but the numbers of virus-specific memory CD8 ϩ T cells are comparable.
Memory CD8 ϩ T cells in CD28 Ϫ/Ϫ mice exhibit an altered phenotype and do not produce IL-2
We investigated the impact of CD28 deficiency on CD8 ϩ T cell memory by first examining the phenotype of VV-WR-specific memory CD8
ϩ T cells. The expression of activation/differentiation markers, CD44, CD62L, CD69, CD25, CD127, and CD122, were analyzed on CD8 ϩ B8R tetramer ϩ cells in the spleen, the lung, and the bone marrow (BM, which is known to be a major reservoir of the central memory T cell subset) (55) . The B8R-specific memory CD8
ϩ T cells in all organs of CD28 Ϫ/Ϫ mice expressed lower levels of CD122 (IL-15R␤), measured by mean fluorescence intensity and percentage of cells positive for its expression (Fig. 3A) . Furthermore, the B8R-specific memory CD8 ϩ T cells expressed lower levels of CD27 in both the spleen and the BM. Memory CD8 ϩ T cells in the lung expressed low levels of CD27 in both wild-type and CD28 Ϫ/Ϫ mice, which is expected because memory CD8 ϩ T cells in the peripheral organs are known to be mainly CD27 low (56) . Expression of CD44, CD62L, CD69, CD25, and CD127 was not affected (data not shown). From these phenotyping studies, we suspected that the memory CD8 ϩ T cells that develop in the absence of CD28 costimulation may be functionally impaired. To assess the functions of the memory cells, we measured cytokine production by the memory CD8 ϩ T cells using intracellular cytokine staining. The absence of CD28 costimulation did not affect the percentage of CD8 ϩ T cells producing IFN-␥ in the spleen and lung, but the percentage in the BM was reduced 2-fold (Fig.  3B) . TNF-␣ production was not affected in the spleen and a slight reduction was observed in memory CD8 ϩ T cells in the lungs. The most striking result was that IL-2-producing memory CD8 ϩ T cells were virtually absent in both the spleen and the BM of CD28 Ϫ/Ϫ mice (Fig. 3B ). Memory cells in the lungs produced minimal amounts of IL-2 in wild-type and CD28
Ϫ/Ϫ mice (data not shown), which was expected because the cells residing in this tissue are mainly effector memory cells which do not produce IL-2 (56). Therefore, CD28 costimulation is crucial for IL-2 production by memory CD8 ϩ T cells. Next, we assessed the cytotoxicity of memory CD8
ϩ T cells that developed in the absence of CD28 costimulation using an in vivo cytotoxicity assay. We observed no significant differences in killing of viral peptide-pulsed targets (Fig. 3C) , indicating that CD28 costimulation plays a minimal role in the development of cytotoxicity of memory CD8 ϩ T cells.
Impaired recall responses by memory CD8 ϩ T cells in the absence of CD28 costimulation
The ability to mount a rapid and robust recall response is a hallmark of immunological memory. We next tested the ability of memory CD8 ϩ T cells in CD28 Ϫ/Ϫ mice to mount a recall response. We were unable to reinfect these mice with the same virus because CD28 costimulation is critical for the humoral response; therefore, wild-type and CD28 Ϫ/Ϫ mice would differ in their ability to neutralize the virus during secondary challenge. We circumvented this problem by taking two distinct approaches. First, we directly challenged VV-WR-infected C57BL/6 or CD28 Ϫ/Ϫ mice with B8R peptide plus LPS i.v. and analyzed the expansion of B8R-specific CD8 ϩ T cells in the spleen 6 days later. Using this immunization scheme, minimal expansion was observed in uninfected C57BL/6 mice (0.7 Ϯ 0.1% B8R specific). When infected C57BL/6 mice were challenged, a robust recall response was observed (Fig. 4, A and B) . However, the secondary response was significantly impaired in CD28 Ϫ/Ϫ mice. The second approach we took was an adoptive transfer approach. As shown in Fig. 4C , equal numbers of purified CD8 ϩ T cells (numbers of B8R-specific memory CD8 ϩ T cells in each population were quantified by tetramer staining) from VV-WRinfected C57BL/6 or CD28 Ϫ/Ϫ mice were transferred into naive congenic recipients and challenged the next day with VV-WR i.p. 
ϩ T cells by the number of B8R-specific CD8 ϩ T cells transferred into individual naive recipients before challenge. Compared with the B8R-specific memory CD8 ϩ T cells derived from the wild-type host, which expanded on average 43.1-fold, cells derived from CD28
Ϫ/Ϫ hosts expanded on average 8.9-fold, a significant decrease in expansion (Fig. 4D) . A similar defect in expansion was also observed when the secondary challenge was administered by the i.n. route (data not shown). Results from these two experiments clearly demonstrate that CD28 costimulation is required for robust secondary expansion of VV-specific memory CD8 ϩ T cells.
CD28 costimulation is required both during priming and recall to maximize the secondary response of VV-specific memory CD8 ϩ T cells
The results clearly show the requirement of CD28 costimulation for a robust secondary response of VV-specific memory CD8 ϩ T cells. However, it was important to determine whether CD28 costimulation is required during priming, during the recall response, or both. In experiments directly challenging CD28 Ϫ/Ϫ mice (Fig.  4, A and B) , as well as adoptive transfer of CD28
Ϫ/Ϫ CD8 ϩ T cells (Fig. 4, C and D) , the memory cells receive no CD28 signal throughout the experiment. Therefore, we designed the following adoptive transfer experiments to distinguish whether the signal is required during the primary response (for priming and for the development of "competent" memory cells) or during the recall response.
We first sought to determine whether CD28 costimulation is required during priming. In this experiment, CD28 costimulation was not delivered during the primary response due to the absence of CD80/CD86, but upon transfer into naive wild-type recipients the memory cells received the CD28 signal during the recall response. Although CD80/CD86 Ϫ/Ϫ mice differ from CD28 mice (number of B8R-specific memory CD8 ϩ T cells determined by tetramer staining) were transferred into naive B6-CD45.1 ϩ mice. One day posttransfer, mice were challenged with 2 ϫ 10 6 PFU of VV-WR i.p., and expansion of B8R-specific CD8 ϩ T cells in the spleen was enumerated by tetramer staining 5 days later. Experimental scheme (C, above), gating (C, below), and total number of memory cells before and after challenge (D) are shown. D, E, B63 B6; F, CD28 Ϫ/Ϫ 3 B6. Each set of connected dots represent individual mice, and numbers indicate average fold expansion of transferred memory cells after 5 days in each group, calculated as written in Materials and Methods. ‫,ءء‬ p Ͻ 0.01.
FIGURE 5. CD28 costimulation is required both during the priming and recall phase of VV-specific memory CD8
ϩ T cells to maximize the recall response. A, CD28 costimulation during the primary response is required for an optimal VV-specific recall response. In brief, 1.5 ϫ 10 6 purified CD8 ϩ
T cells from spleens of VV-WR-infected B6 or CD80/CD86
Ϫ/Ϫ mice (number of B8R-specific memory CD8 ϩ T cells determined by tetramer staining) were transferred into naive B6-CD45.1 ϩ mice. One day posttransfer, mice were challenged with 2 ϫ 10 6 PFU of VV-WR i.p. and expansion of B8R-specific CD8 ϩ T cells in the spleen was enumerated by tetramer staining 5 days later. B, CD28 costimulation during challenge maximizes the recall response. In brief, 4 ϫ 10 6 purified CD8 ϩ T cells from spleens of VV-WR-infected B6-CD45.1 ϩ mice (number of B8R-specific memory CD8 ϩ T cells determined by tetramer staining) were transferred into naive B6 or CD80/CD86 Ϫ/Ϫ mice. One day posttransfer, mice were challenged with 2 ϫ 10 6 PFU of VV-WR i.p. and expansion of B8R-specific CD8 ϩ T cells in the spleen was enumerated by tetramer staining 5 days later. Experimental schemes are shown above, and representative data from two individual experiments are shown. E, B63 B6; F, CD80/CD86 Ϫ/Ϫ 3 B6 (A) or B63 CD80/CD86 Ϫ/Ϫ (B). Each set of connected circles represent individual mice, and numbers indicate average fold expansion of transferred memory cells after 5 days in each group, calculated as written in Materials and Methods. ‫,ء‬ p Ͻ 0.05. mice due to their inability to signal through CTLA-4 in addition to CD28, we observed no differences in the memory CD8 ϩ T cells recovered from CD80/CD86 Ϫ/Ϫ mice including the frequency of virus-specific CD8 T cells (which were not significantly different from wild-type mice). Equal numbers of CD8 ϩ T cells from VV-WR-infected wild-type or CD80/CD86 Ϫ/Ϫ mice were purified and transferred into naive wild-type congenic recipients, challenged, and analyzed 5 days later for their expansion by dividing the total number of recovered memory CD8 ϩ T cells by the input number (Fig. 5A) . Memory CD8 ϩ T cells derived from CD80/CD86
Ϫ/Ϫ mice showed reduced expansion compared with memory cells derived from wild-type mice suggesting a role of CD28 costimulation in programming of memory CD8 ϩ T cell development. However, the reduction was not as dramatic as that observed with memory cells from CD28 Ϫ/Ϫ mice (Fig. 4C) . Next, to explore the requirement of CD28 costimulation during the recall response, we designed an experiment in which memory CD8 ϩ T cells were primed in the presence of CD28 costimulation, but did not receive the signal during the recall response when transferred into CD80/CD86 Ϫ/Ϫ recipients. Equal numbers of CD8 ϩ T cells from VV-WR-infected wild-type congenic mice were purified and transferred into wild-type or CD80/CD86 Ϫ/Ϫ recipients, challenged, and analyzed 5 days later for their expansion (Fig. 5B) . B8R-specific memory CD8
ϩ T cells recalled in the absence of CD28 costimulation showed a reduced recall response; but again, the reduction was modest compared to that of CD28 Ϫ/Ϫ mice (Fig. 4C) . From these experiments, we conclude that CD28 costimulation maximizes the secondary response by acting both during the primary and recall response.
CD28 costimulation is required for secondary responses of memory CD8 ϩ T cells during persistent infection
MHV-68 establishes a low-level persistent infection and memory CD8 ϩ T cells specific for the virus exhibit unique characteristics distinct from that of memory cells in acute viral infections (41) . We have previously reported that MHV-68 ORF61-specific memory CD8 ϩ T cells require CD28 costimulation to elicit a robust recall response (22) . We confirmed similar requirements for ORF6-specific memory CD8 ϩ T cells by challenging MHV-68-infected wild-type or CD28
Ϫ/Ϫ mice with rVV-ORF6 at 5 mo p.i. Expansion of ORF6-specific memory CD8 ϩ T cells was significantly blunted in CD28 Ϫ/Ϫ mice (Fig. 6, A and B) . Next, we sought to determine whether the stage in which CD28 costimulation is required during persistent infection (MHV-68) differs from that of an acute infection (VV-WR). To test this hypothesis, adoptive transfer experiments similar to those performed in Fig. 5 were performed using the MHV-68 system. First, to test the requirement of CD28 costimulation during the primary response, equal numbers of CD8 ϩ T cells from MHV-68-infected wild-type or CD80/ CD86 Ϫ/Ϫ mice were transferred into naive congenic wild-type recipients and challenged with rVV-ORF6, and the fold expansion of transferred ORF6-specific CD8 ϩ T cells was calculated as described above (Fig. 6C) . Memory CD8 ϩ T cells from CD80/ CD86 Ϫ/Ϫ mice expanded significantly less compared with those from wild-type mice, showing a requirement of CD28 costimulation during the primary response. Next, to determine costimulatory requirements during recall, equal numbers of CD8 ϩ T cells from MHV-68-infected wild-type congenic mice were transferred into naive wild-type or CD80/CD86 Ϫ/Ϫ recipients and challenged with rVV-ORF6, and fold expansion of transferred ORF6-specific CD8 ϩ T cells were analyzed (Fig. 6D) . When transferred into CD80/CD86
Ϫ/Ϫ recipients, MHV-68-specific CD8 ϩ T cells were unable to mount a recall response, suggesting that CD28 costimulation is also required during the recall response. In summary, CD28 costimulation is required both during the primary and the recall response for MHV-68-specific memory CD8 ϩ T cells to mount a secondary response. Therefore, we conclude that costimulatory requirements and the timing in which it is required by memory CD8 ϩ T cells are similar during acute infections and low-level persistent infections.
Recall responses in CD28-deficient mice are restored by IL-2 signaling during recall but not priming
One major consequence of CD28 costimulation is the production of IL-2 by the T cell (57) . Recent reports have shown that direct IL-2 signaling during priming is required for programming of memory CD8 ϩ T cell differentiation to elicit robust secondary expansion (28, 58) . The inability of memory CD8 ϩ T cells to efficiently expand upon secondary Ag encounter in the absence of CD28 costimulation lead us to hypothesize that the defect is due to insufficient production of IL-2 and signaling into the CD8 ϩ T cell in the absence of costimulation during priming. Boyman et al. (51) previously reported that coadministration of anti-IL-2 (clone S4B6) mAb with mIL-2 efficiently delivers IL-2 signals to T cells, which has been used in the context of virus-specific CD8 ϩ T cells (28) . We tested our hypothesis by using the IL-2 immune complex to replenish IL-2 signaling during the primary response in CD28 Ϫ/Ϫ mice and examined whether this intervention rescued the recall response of VV-specific CD8 ϩ T cells. Wild-type or CD28 Ϫ/Ϫ mice were infected with VV-WR i.n. and were treated with R-IgG or the IL-2 immune complex (wild-type mice were treated with R-IgG only) daily from days 0 to 6. We confirmed the efficacy of the IL-2 immune complex by its ability to expand memory-phenotype CD8 ϩ T cells as previously reported (51) . Treatment with IL-2 immune complex lead to a dramatic increase in the percentage of CD44 high CD122 high CD8 ϩ T cells in the peripheral blood at day 7 (C57BL/6 R-IgG treated: 44.8 Ϯ
5.1%; CD28
Ϫ/Ϫ R-IgG treated: 24.8 Ϯ 1.8%; CD28 Ϫ/Ϫ IL-2 immune complex treated: 62.2 Ϯ 12.1% of CD8 ϩ T cells; CD28 Ϫ/Ϫ R-IgG vs IL-2: p Ͼ 0.001). Two months p.i., CD8 ϩ T cells from each group were transferred into naive congenic wild-type recipients and were challenged with VV-WR, and fold expansion of transferred B8R-specific memory CD8 ϩ T cells was analyzed by tetramer staining, as shown in Fig. 7A . Memory CD8 ϩ T cells from wild-type mice treated with R-IgG expanded on average 38.3-fold, whereas memory cells from CD28 Ϫ/Ϫ mice treated with R-IgG showed a significantly reduced expansion (average, 6.9-fold), confirming earlier results (Fig. 7B) . When memory cells from CD28 Ϫ/Ϫ mice treated with the IL-2 immune complex were transferred and challenged, the cells were still impaired in their ability to respond (average, 4.8-fold expansion), thus showing the inability of increased IL-2 signaling during priming to rescue secondary responses in CD28 Ϫ/Ϫ mice. Next, we investigated whether restoring IL-2 signaling during the recall phase could rescue recall responses in CD28 Ϫ/Ϫ mice. Similar experiments as explained above were conducted; with the exception of the IL-2 immune complex or control R-IgG being delivered daily to recipients on days 0 -5 postchallenge (Fig. 7C) . B8R-specific memory CD8 ϩ T cells from wild-type mice expanded on average 39.0-fold upon challenge when treated with R-IgG during the recall response, while memory cells from CD28 Ϫ/Ϫ mice treated with R-IgG expanded on average 4.1-fold (Fig. 7D) . However, when memory CD8 ϩ T cells from CD28
Ϫ/Ϫ mice were challenged and treated with the IL-2 immune complex during the recall response, the cells expanded on average 33.1-fold. The data altogether indicate that the impaired recall response by memory CD8 ϩ T cells in the absence of CD28 costimulation can be restored by IL-2 signaling during the recall phase but not during priming. 
Discussion
Activation of memory T cells has generally been accepted to be independent of the CD80/CD86-CD28 costimulatory pathway, although differences exist in results obtained from various studies using different models. In polyclonal or in vitro priming models, memory CD4 ϩ T cells have been shown to elicit robust recall responses to Ag in vitro in the absence or with low levels of CD80/ CD86 on the APC (34, 35) . However, the survival of memory CD4 ϩ T cells is impaired significantly when primed in the absence of this costimulatory pathway (40) . Ndejembi et al. (39) have recently reported that blocking this pathway during recall responses by CTLA4-Ig results in diminished IL-2 and TNF-␣ production and recall responses of transgenic and influenza-specific polyclonal memory CD4 ϩ T cells in vivo. These results clearly show that certain aspects of CD4 ϩ T cell memory are controlled by CD80/CD86-CD28 costimulation.
Conflicting data exist for the role of CD80/CD86-CD28 costimulation in CD8 ϩ T cell memory. During acute LCMV (Armstrong) infection, virus-specific memory CD8
ϩ T cell number and function are maintained in the absence of CD28 costimulation (14, 16) . However, recall responses are impaired during influenza challenge in CD28
Ϫ/Ϫ mice (12, 13) , during L. monocytogenes challenge in CD28 Ϫ/Ϫ mice or with CTLA4-Ig treatment during recall (20, 32) , and to vesicular stomatitis virus challenge in vitro in the absence of CD80/86 (11) . In studies using CD28 Ϫ/Ϫ mice, it is unclear whether the signal is required during priming or during the recall response. CD28 costimulation also seems to impact memory CD8 ϩ T cell responses to chronic viral infections. The virus-specific CD8
ϩ T cell response is lost during LCMV clone 13 infection in CD28
Ϫ/Ϫ mice (15), memory and recall IFN-␥ responses are impaired during intravaginal HSV-2 infection (10), and MHV-68-specific memory CD8 ϩ T cells in CD28 Ϫ/Ϫ mice produce lower amounts of IFN-␥, express lower levels of CD122 and CD27, and are defective in secondary responses (22) . These reports point to a role for the CD28 costimulatory pathway in CD8 ϩ T cell memory. Therefore, we were prompted to examine its role in the development of virus-specific memory CD8 ϩ T cells during acute i.n. VV-WR infection.
CD28 costimulation did not affect the kinetics of viral replication or the course of the disease (Fig. 1) . As previously reported in various infection models (8 -22) , the primary CD8 ϩ T cell response was severely impaired (Fig. 2, A-E) . However, the frequencies and numbers of virus-specific CD8 ϩ T cells were not affected at later time points (Fig. 2, E-G) . We assessed whether the memory CD8 ϩ T cells were altered in terms of function or phenotype. VV-specific memory CD8 ϩ T cells in CD28 Ϫ/Ϫ mice expressed lower levels of CD122 (IL-15R␤) in all organs and lower CD27 in lymphoid organs (Fig. 3A) . This was an interesting observation, since we had previously reported that MHV-68-specific memory CD8
ϩ T cells in CD28 Ϫ/Ϫ and CD80/CD86 Ϫ/Ϫ mice have low expression of these two markers (22) . IL-15 is an essential survival factor for memory CD8 ϩ T cells (59) , and the costimulatory molecule CD27 has been shown to play an important role in memory CD8 ϩ T cell responses to influenza challenge (60). Thus, the low expression of these two molecules may account for the functional impairments of VV and MHV-68-specific memory CD8 ϩ T cells (Figs. 3-6 ) and Ref. 22) . In contrast, CD27 and CD122 have both been used as differentiation markers for CD8 ϩ T cells and the altered phenotype may indicate suboptimal differentiation.
The memory CD8 ϩ T cells in CD28 Ϫ/Ϫ mice were capable of producing the cytokines IFN-␥ and TNF-␣, although IFN-␥ production was reduced in the BM (Fig. 3B) . However, in both the spleen and the BM, the memory cells were unable to produce IL-2 (Fig. 3B) . It has been reported previously that memory CD4 ϩ T cells fail to produce TNF-␣ and IL-2 when restimulated in the presence of CTLA4-Ig (39) . Clearly, these results demonstrate that CD28 costimulation is required for IL-2 production by memory T cells. The studies on memory CD4 ϩ T cells indicated that the CD28 signal is required during restimulation in vitro, and our current studies extend these studies to in vivo requirements for CD28 costimulation during recall in a nontransgenic infection model. The differences observed with TNF-␣ production is unclear, but this may indicate an intrinsic difference between memory CD4 ϩ and CD8
ϩ T cells in the requirement of costimulation for cytokine production.
The recall proliferative response of VV-specific memory CD8 ϩ T cells was severely impaired in CD28 Ϫ/Ϫ mice, both in response to peptide and viral challenge (Fig. 4) . This observation has been made in other infection models, although the magnitude of reduction varies between the models (12, 13, 19, 20, 22, 36, 37) , including a persistent viral infection MHV-68 (Fig. 6) . Impaired IL-2 production and recall responses were reminiscent of CD4-helpless memory CD8 ϩ T cells. However, transfer of naive wildtype CD4
ϩ T cells into CD28 Ϫ/Ϫ mice before the primary response did not restore the recall response in CD28
Ϫ/Ϫ mice (data not shown). Furthermore, CD4-helpless memory cells during VV-WR infection elicit a different phenotype and further impairments in addition to IL-2 production and recall responses (S. Fuse, C. Y. Tsai, and E. J. Usherwood, manuscript in preparation). Although we cannot conclusively rule out indirect effects due to a lack of CD4 T cell help, these data suggest that CD28 costimulation directly into CD8 ϩ T cells plays a significant role in the development of VV-specific memory CD8 ϩ T cells. Earlier studies did not differentiate whether CD28 costimulation was required during the priming phase (and thus the proper differentiation of "fit" memory cells) or during the recall phase. We assessed these two possibilities using adoptive transfer experiments. Our results indicated that CD28 costimulation during both priming and recall phases affect the magnitude of the recall response, and the overall defect in the recall response observed in CD28 Ϫ/Ϫ mice was the sum of these two events (Fig. 5) . The requirement for CD28 costimulation during priming may reflect its role in controlling TCR signal strength, which has been proposed to control T cell fitness (61) . Furthermore, dendritic cells are required for memory CD8 ϩ T cells to elicit a robust recall response (62), which will be fully armed with costimulatory molecules. Therefore, it is natural to assume that costimulatory signals play a role in maximizing the recall response. In line with our findings, CTLA4-Ig treatment during recall reduces the recall response during L. monocytogenes infection (32) . Similar requirements in both the priming and recall phases were also observed with MHV-68-specific memory CD8 ϩ T cells (Fig. 6, C and D) . Because during persistent MHV-68 infection CD8 ϩ T cells encounter Ag more frequently, a stronger requirement for costimulation may be necessary to maintain their fitness, thus resulting in the significant reduction in the recall response when CD28 costimulation was absent during priming of the CD8 ϩ T cells (Fig. 6C ). However, a strong requirement for CD28 costimulation during the recall response was also observed (Fig. 6D) . This was somewhat surprising since MHV-68-specific memory CD8 ϩ T cells have more frequent encounters with Ag and exhibit a more effector memory cell phenotype (41) , and it has been shown in vitro that effector cells have lower requirements for costimulation (63) .
A major consequence of CD28 costimulation on T cells is the production of IL-2, which plays a major role in the programming of memory CD8 ϩ T cell differentiation (28) . Therefore, we hypothesized that the reduced recall response in the absence of CD28 costimulation during priming or recall is due to the lack of IL-2 signaling. Interestingly, restoration of IL-2 signaling during recall, but not priming, completely restored the recall response in the absence of costimulation (Fig. 7, B and D) . These results may indicate that memory CD8 ϩ T cells are in a partly anergic state in the absence of CD28 costimulation, which can be restored by IL-2. It has been reported previously that the majority of responding CD8 ϩ T cells during a recall response express IL-2 (64) and that IL-2 signals can significantly enhance recall responses (65, 66) . We hypothesize that the inability of the memory cells to produce IL-2 (Fig. 3B ) plays a role in the defect in the recall response; however, we cannot rule out IL-2 provided from other sources. The results also indicate that the effect of CD28 costimulation during priming is not due to insufficient IL-2 production (Fig. 7B) . In this regard, it is interesting that supplementation of IL-2 during priming cannot rescue T cell proliferation and survival in the absence of CD28 costimulation or the reduction in the generation/ survival of memory CD4 ϩ T cells (5, 40, 67, 68) . One possibility may be that CD28 costimulation is regulating the strength of the initial TCR signal, thus controlling its fitness to elicit an optimal recall response (61, 69) .
Various parameters such as route of infection, infectious dose, tissue tropism, and/or cytopathic characteristics affect costimulatory requirements. Viral infections administered locally in low doses or with localized tropisms tend to have a stronger requirement for costimulation (20) , as observed in our experiments (10 3 PFU for VV-WR, 400 PFU for MHV-68, i.n.; see Fig. 1B and Refs. 70 -73) and others (HSV-2, influenza) (10, 12) . In contrast, CD28
Ϫ/Ϫ VV-specific memory CD8 ϩ T cells after systemic VV infection proliferate normally in response to secondary ectromelia virus challenge (74) . The differences between this study and our data may be due to a systemic vs i.n. challenge or possibly a difference in the virus used for secondary challenge (VV vs ectromelia). In addition to dose and tropism, other costimulatory molecules such as 4-1BB and CD27 can also impact memory CD8 ϩ T cell responses (37, 49, 60) . These molecules likely also partly compensate for the lack of CD28 signaling to facilitate a primary T cell response to viruses. Overall, our work and the work of others clearly demonstrate that CD80/CD86-CD28 costimulation controls certain key aspects of CD4 ϩ and CD8 ϩ T cell memory differentiation, such as IL-2 production and recall responses (39) . Information provided by our study should be considered in efforts to maximize memory responses and optimize vaccine design.
